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The Slit Receptor Rig-1/Robo3
Controls Midline Crossing by Hindbrain
Precerebellar Neurons and Axons
ing the regulation of midline crossing in the vertebrate
brain.
Hindbrain precerebellar neurons project to the cere-
bellar cortex and are all generated from the proliferation
of neuronal precursors in the neuroepithelium lining the
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Baˆtiment B, Case 12 roof of the fourth ventricle, the so-called rhombic lip
9 Quai Saint-Bernard (Figure 1; Taber-Pierce, 1973; Wingate, 2001). Inferior
75005 Paris olivary (IO) neurons are born first, followed by neurons
France of the lateral reticular (LRN) and external cuneatus (ECN)
2 Howard Hughes Medical Institute nuclei and last by neurons that will form the pontine
Department of Biological Sciences nuclei (PN; Altman and Bayer, 1980, 1987a; Bourrat and
Stanford University Sotelo, 1988, 1991). All precerebellar neurons then mi-
Stanford, California 94305 grate ventrally and tangentially to the radial glia toward
the floor plate. While LRN, ECN, and PN neurons migrate
superficially, just under the pial surface, in the so-called
marginal stream, IO neurons follow a deeper pathwaySummary
in the submarginal stream (Altman and Bayer, 1980,
1987a; Bourrat and Sotelo, 1988, 1991; Ono and Kawa-During development, precerebellar neurons migrate
mura, 1990). Once they reach the floor plate, however,dorsoventrally from the rhombic lip to the floor plate.
precerebellar neurons exhibit two different modes ofSome of these neurons cross the midline while others
projecting their axons to the cerebellum. Most if not allstop. We have identified a role for the slit receptor
IO and PN neurons stop adjacent to the ventral midlineRig-1/Robo3 in directing this process. During their tan-
and project their axons across the floor plate into thegential migration, neurons of all major hindbrain pre-
contralateral cerebellum (Altman and Bayer 1987b,cerebellar nuclei express high levels of Rig-1 mRNA.
1997). In contrast, the cell bodies of LRN and ECN neu-Rig-1 expression is rapidly downregulated as their
rons migrate through the midline to stop at a lateral orleading process crosses the floor plate. Interestingly,
dorsal position, respectively, and their axons projectmost precerebellar nuclei do not develop normally in
into the ispilateral cerebellum. The molecular control ofRig-1-deficient mice, as they fail to cross the midline.
midline decussation by precerebellar neurons and theirIn addition, inferior olivary neurons, which normally
axons is not well understood, but recent studies havesend axons into the contralateral cerebellum, project
ipsilaterally in Rig-1 mutant mice. Similarly, neurons implicated several axon guidance molecules in the
of the lateral reticular nucleus and basilar pons are process.
unable to migrate across the floor plate and instead In vertebrates, netrin-1 has been shown to attract
remain ipsilateral. These results demonstrate that many commissural axons in the spinal cord and brain
Rig-1 controls the ability of both precerebellar neuron through the activation of the transmembrane receptor
cell bodies and their axons to cross the midline. deleted in colorectal cancer (DCC) (Tessier-Lavigne and
Goodman, 1996). Similarly, in organotypic cultures, floor
plate or netrin-1 secreting cells attract IO, LRN, and PNIntroduction
neurons (Yee et al., 1999; Causeret et al., 2002; de Diego
et al., 2002; Taniguchi et al., 2002) and promote axonalIn the nervous system of organisms with bilateral sym-
outgrowth from rhombic lip explants (Alcantara et al.,metry, specialized cells localized at the midline play an
2000; Causeret et al., 2002; de Diego et al., 2002). Slitsessential role in organizing the development of neuronal
are large extracellular matrix proteins that signal throughcircuits (Tessier-Lavigne and Goodman, 1996; Dickson,
Roundabout (Robo) receptors (Wong et al., 2002). In2002). These cells express at their surface a high con-
Drosophila, Slit, which is expressed by cells at the CNScentration of membrane-bound guidance molecules and
midline, functions primarily as a repellent, preventingsecrete diffusible factors that guide growing axons and
ipsilateral axons from crossing the midline and commis-migrating neurons from a distance (Stoeckli, 1998;
sural axons from recrossing it. This function is regulatedBurstyn-Cohen et al., 1999). Under the influence of these
by the transmembrane protein commissureless (Comm),molecules, some axons and neurons avoid the midline
which has no known homolog in vertebrates (Tear et al.,while others grow toward it and cross it once. Under-
1996; Kidd et al., 1998). In mammals, three Slit genesstanding the molecular mechanisms that control midline
(Slit1-Slit3) and three Robo genes (Robo1, Robo2, andcrossing has been a major issue in developmental neu-
Rig-1/Robo3) have been cloned (Wong et al., 2002). Therobiology (Jessell and Sanes, 2000). Hindbrain precere-
role of Slit/Robo signaling in regulating midline crossingbellar neurons represent a good model system for study-
in vivo has been confirmed using genetic approaches
in several animal species, including rodents (Plump et*Correspondence: chedotal@infobiogen.fr
al., 2002; Sabatier et al., 2004; Long et al., 2004; see3Present address: Genentech Inc., 1 DNA Way, South San Francisco,
California 94080. Discussion). The role of Slit/Robo signaling in directing
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detailed cartography of Rig-1 expression in the embry-
onic hindbrain. Rig-1 mRNA is first detected at E9 in
neurons dispersed in the alar plate of the rhombenceph-
alon and also dorsally in the rostral mesencephalon (see
Supplemental Figure S1 [http://www.neuron.org/cgi/
content/full/43/1/69/DC1]). From E9.5, the number of
Rig-1-expressing neurons rapidly increases, such that
by E10 most neurons in the alar plate of the rhomben-
cephalon and rostral mesencephalon are labeled (see
Supplemental Figure S1). From E11, Rig-1 is strongly
expressed in a long longitudinal stripe extending from
the cerebellar plate to the lower rhombic lip. Using short-
term BrDU injections in E12 embryos in combination
with Rig-1 in situ hybridization, we found that Rig-1
was only expressed by postmitotic cells and not by
proliferating cells in the ventricular zone (see Supple-
mental Figure S1).
By E13, Rig-1 mRNA was detected in a very superficial
dorsoventral stream of cells extending from the rhombicFigure 1. Schematic Representation of the Circumferential Migra-
lip toward the floor plate (Figures 2A and 2B). To furthertory Pathways Followed by Precerebellar Neurons in the Embry-
characterize these cells, we took advantage of previousonic Hindbrain
studies that have identified genes that are differentially(A) Dorsal view. (B) Lateral view. Pontine neurons migrate rostrally,
expressed in rhombic lip derivatives. Migrating LRN andwhile LRN, ECN, and IO neurons migrate caudally. All originate from
the rhombic lip (in purple). The floor plate is in gray. (C) Cross- ECN neurons express the cell adhesion molecule TAG-1
section at the level (dashed line in [A]) of the LRN/ECN and IO. LRN (Wolfer et al., 1994; Kyriakopoulou et al., 2002) and the
and ECN neurons are superficial, following the marginal migratory transcription factor pax6 (Engelkamp et al., 1999). Pon-
stream, and cross the floor plate, while IO neurons follow a deeper
tine neurons and LRN/ECN neurons also express pax6pathway in the submarginal stream and don’t cross the floor plate.
during their migration (Yee et al., 1999; Engelkamp etcer, cerebellum; ECN, external cuneatus nucleus; IO, inferior olive;
al., 1999). In situ hybridization performed on whole-LRN, lateral reticular nucleus.
mount E13 hindbrains showed that the distribution of
TAG-1- and Rig-1-positive neurons was similar (data not
shown), indicating that LRN and ECN neurons expressthe migrations of precerebellar neurons is, however, still
Rig-1. At this stage, LRN/ECN neurons migrating in theunclear. It might directly inhibit the migration of some
marginal stream and inferior olivary neurons that arerhombic lip neurons (Gilthorpe et al., 2002), but other
accumulating at the midline also express Robo2 mRNAstudies suggest Slit action is indirect, only silencing
(Figures 2G and 2H). At E14, migrating LRN and ECNnetrin-1-mediated attraction (Causeret et al., 2002). It
neurons continued to express Rig-1 (Figure 2C). In con-has recently been shown that point mutations in the
trast, from E15, only a few Rig-1-positive LRN and ECNHuman Rig-1/Robo3 gene are responsible for the autoso-
neurons were detected in the caudal hindbrain, evenmal-recessive syndrome of horizontal gaze palsy with pro-
though these neurons still strongly expressed TAG-1gressive scoliosis (HGPPS; Jen et al., 2004). HGPPS pa-
(Figure 2D and data not shown). This implies that thetients have a hypoplasic basilar pons and defects in
expression of Rig-1 mRNA by LRN and ECN neuronsmidline crossing by some axons in the hindbrain. The
was only transient. In order to confirm these results, wecause of these deficits is unknown, but the disorder
counterstained sections hybridized for Rig-1 with thesuggests that contralateral connectivity is an important
DNA marker Hoechst 33258 to visualize the marginalfunctional feature of the precerebellar system.
migratory stream. As shown on Hoechst-counterstainedIn this study, we show that Rig-1 mRNA and protein
sections, many LRN/ECN neurons stopped expressingare transiently expressed by migrating precerebellar
Rig-1 upon entering the floor plate region (Figures 2Eneurons until their leading process crosses the ventral
and 2F). Thus, LRN/ECN neurons stop expressing Rig-1midline. We found that the organization of precerebellar
mRNA during or shortly after crossing the floor plate.nuclei and of their projection is profoundly altered in
Starting at E14, a second superficial stream of Rig-1-Rig-1 knockouts, as neurons and their axons remain
expressing cells was detected more rostrally in the hind-exclusively ipsilateral. Thus Rig-1/Robo3 plays an es-
brain, extending from the rostral rhombic lip toward the
sential role in controlling the migration of precerebellar
ventral midline and the presumptive basilar pons (Figure
neurons and axons across the midline, most likely by
2C). At E15, the rostral migratory stream of neurons has
regulating Robo2 function. enlarged and they express very high levels of Rig-1
mRNA (Figure 2D). This group of Rig-1 cells corresponds
Results to the pontine migratory stream that also expresses
Pax6 (data not shown) and the POU transcription factor
Precerebellar Neurons Transiently Expressed Rig-1 Brn3b (see Supplemental Figure S2 [http://www.neuron.
It has been previously shown that Rig-1 is expressed in org/cgi/content/full/43/1/69/DC1]). As observed for
the developing hindbrain, but the identity of the labeled LRN/ECN neurons, Rig-1 expression in the pontine mi-
cells was not determined (Yuan et al., 1999). We first gratory stream appears to be transient. Whereas in E15
embryos Pax6 is expressed at equivalent levels in pon-used nonradioactive in situ hybridization to perform a
Rig-1 and Precerebellar Neurons
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tine neurons from the rhombic lip to the ventral midline
(data not shown), Rig-1 mRNA was expressed in a de-
creasing dorsoventral gradient (Figures 2D and 3A–3C).
Rig-1 mRNA was present at high levels in the dorsal
part of the stream but was completely absent in pontine
neurons that have reached the ventral part of the hind-
brain. This observation indicates that Rig-1 mRNA ex-
pression is downregulated in migrating pontine neurons
as they approach the ventral midline. Starting at E17, as
pontine neurons stop proliferating (Taber-Pierce, 1973),
Rig-1 expression in the pontine migratory stream pro-
gressively decreases (Figure 3B), and only a few migrat-
ing cells are still labeled at E18 (Figure 3C). In contrast,
pax6 is still strongly expressed in the pons (Figure 3D).
Hoechst counterstaining clearly reveals the full extent
of the pontine neuron migratory stream up to the midline
(Figures 3E and 3F), confirming that Rig-1 mRNA is rap-
idly downregulated in the cell body of pontine neurons
upon approaching the midline.
We next wanted to determine whether Rig-1 mRNA
was expressed by inferior olivary neurons that also mi-
grate from the rhombic lip (Figure 1). IO neurons were
previously shown to express the transcription factors
Brn3b and Er81 as they become postmitotic (Supple-
mental Figure S2 [http://www.neuron.org/cgi/content/
full/43/1/69/DC1]; Bloch-Gallego et al., 1999; de Diego
et al., 2002). On coronal sections of E12 hindbrains, IO
neurons migrating in the submarginal stream could be
clearly visualized with a Brn3b riboprobe (Figure 3G).
On adjacent sections, a similar stream of cells was la-
beled with a Rig-1 riboprobe (Figure 3H), indicating that
IO neurons also expressed this gene during their migra-
tion. Other unidentified postmitotic neurons near the
ventricle also express Rig-1 at this stage (Figure 3H).
Rig-1 expression was only transient, and IO neurons
were not labeled at later stages (Figure 2D and data not
shown), when they still express high levels of Brn3b
transcripts (see Supplemental Figure S2).
Overall, these results indicate that, in the hindbrain,
Rig-1 mRNA is detected in neurons in all major precere-Figure 2. Rig-1 and Robo2 Expression in the Lateral Reticular Nu-
bellar nuclei during their migration and that this expres-cleus
sion is rapidly downregulated as their leading process(A and B) Lateral (A) or ventral (B) view of an E13 embryo showing
crosses the ventral midline (see Figure 8). For LRN/ECNRig-1 expression in a large stream of cells (arrowheads) migrating
from the rhombic lip toward the ventral midline and corresponding to neurons that have a shorter leading process than IO
neurons of the lateral reticular nucleus. (C) By E14, Rig-1-expressing neurons (see Figures 6 and 7), the downregulation of
cells migrating in the caudal hindbrain (arrowhead) have reached Rig-1 mRNA expression occurs later (during or shortly
the ventral midline, and a second stream of migrating neurons has
after midline crossing) than for IO neurons whose longformed more rostrally (arrow). (D) By E15, Rig-1 expression com-
leading processes cross the midline several hours be-pletely disappears in LRN/ECN neurons that have crossed the mid-
line (arrowheads, compare with [C]). Rig-1 is still expressed more fore their cell bodies reach it (see Discussion).
rostrally in migrating pontine neurons (arrows). Rig-1 expression is We next stained sections of E12 embryonic hindbrain
strong in pontine neurons located dorsally and low in neurons that with an antibody directed against the Rig-1 ectodomain
are closer to the floor plate. (E and F) Coronal sections of E13 mouse
(Figure 4A). At this stage, only the leading processes ofembryo at the level of the hindbrain hybridized with dig-labeled
migrating neurons and axons close to the surface of theriboprobes for Rig-1. (F) is an overlay image of the section shown
hindbrain are immunoreactive for Rig-1. They are mostin (E) counterstained with Hoechst. Rig-1 signal has been artificially
colored red using Photoshop and superimposed to the Hoechst likely composed of IO, LRN, and ECN neurons and ax-
labeling (in blue). At E13, there is a strong expression of Rig-1 in ons. Interestingly, before entering the floor plate, Rig-1
LRN/ECN neurons migrating in the external migratory stream (arrow-
heads in [E] and [F]). However, Rig-1 expression is downregulated
in many LRN/ECN neurons that have reached the floor plate (arrow
in [E] and [F]). In addition, Rig-1 is not expressed anymore in the
submarginal migratory stream and IO. (G) Coronal section of E13.5 (arrowheads in [G]). (H) is a high-magnification view of the area
embryo at the level of the inferior olive, hybridized with a Robo2 framed in (G) showing Robo2 expression in LRN/ECN neurons
riboprobe. Robo2 is strongly expressed in neurons of the inferior (arrow). Scale bar, 1000 m (A–C); 700 m (D); 300 m (E); 100 m
olive (IO) and in LRN/ECN neurons migrating in the marginal stream (F); 40 m (G); 8 m (H).
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Figure 3. Rig-1 mRNA Expression in Pontine and Inferior Olivary
Neurons
Figure 4. Rig-1 Expression in Migrating Precerebellar Neurons(A–D) Ventral view of E16–E18 hindbrains hybridized with digoxy-
Coronal sections of E12 (A and B) and E13 (C and D) mouse embryosgenin-labeled riboprobes for Rig-1 (A–C) or pax6 (D). (A and B) Rig-1
at the level of the hindbrain were immunostained with anti-Rig-1is detected in a rostral stream of neurons migrating superficially
antibody (A–D) with Hoechst counterstaining (B and D). (A) At E12,corresponding to pontine neurons. (B and C) From E17, the number
migrating neurons and axons that are immunoreactive for Rig-1of Rig-1-expressing cells in the rostral migratory stream (arrowhead)
(arrowheads) are observed in the marginal and submarginal migra-decreases progressively, and just a few of them persist at E18 (ar-
tory streams. The floor plate is labeled by an arrow. (B) is a 4 mrowhead in [C]) and not adjacent to the midline (arrow in [C]). (D) In
confocal image at the level of the inferior olive commissure labeledcontrast, at E18, pax6 is still expressed at a high level in postmigra-
with anti-Rig-1 antibody (FITC) and counterstained with Hoechsttory pontine neurons (arrow). (E and F) Coronal sections of E15
(blue). On both sides of the floor plate, multiple Rig-1-immunoreac-mouse embryos at the level of the hindbrain were hybridized with
tive axonal bundles are observed. They are also detected in thedig-labeled riboprobes to Rig-1. (F) is an overlay image of sections
floor plate (arrowheads), although the staining is more punctate.shown in (E) counterstained with Hoechst. Rig-1 signal has been
The two dashed lines delineate the floor plate. (C and D) At E13,artificially colored red using Photoshop and superimposed to the
both the submarginal (arrows in [C]) and marginal (arrowheads inHoechst labeling (in blue). At E15, Rig-1 is detected in pontine neu-
[C]) migratory streams express Rig-1 protein. (D) is a 6 m confocalrons during their initial migration (arrows in [E] and [F]) but is down-
image illustrating the chains of Rig-1-immunoreactive (FITC) migrat-regulated when their cell bodies approach the ventral midline (arrow-
ing LRN/ECN neurons (visualized using Hoechst staining in blue,head in [E] and [F]; the dashed line indicates the midline). (G and
arrows). Scale bar, 200 m (A); 80 m (B); 250 m (C); 25 m (D).H) Rig-1 mRNA expression in migrating inferior olivary neurons.
Coronal sections of E12 mouse embryos at the level of the hindbrain
were hybridized with dig-labeled riboprobes for Brn3b (G) and Rig-1
and/or to the progressive extinction of Rig-1 expression(H). At E12, Brn3b is expressed by IO neurons (arrow in [G]) that
started to migrate from the rhombic lip in the submarginal migratory at their surface (Figure 4B), in agreement with the con-
stream. On an adjacent section, IO neurons also express Rig-1 comitant disappearance of Rig-1 mRNA in the corre-
(arrow in [H]). Other unidentified postmitotic neurons near the ventri- sponding cell bodies. By E13, the two migratory streams
cle (asterisk) also express Rig-1 at this stage. Scale bar, 700 m were clearly separated and still exhibited high-level ex-
(A–D); 200 m (E); 100 m (F); 350 m (G and H).
pression of Rig-1 (Figure 4C). Chains of Rig-1 immunore-
active migrating LRN/ECN neurons could be visualized
(Figure 4D). By E15 inferior olivary neurons, whose cellprotein is expressed on large axon fascicles, whereas
in the floor plate Rig-1 staining is more punctate, which bodies have reached the floor plate, were not labeled
by Rig-1, nor were postcrossing LRN and ECN neuronsmight correspond to a defasciculation of these axons
Rig-1 and Precerebellar Neurons
73
Figure 5. Abnormal Migration of Pontine
Neurons in Rig-1-Deficient Mice
(A–C) E17 whole-mount hindbrains (A–C) hy-
bridized with pax6 riboprobes. (A) In Rig-1/
mice, the pons appears as a ventral structure,
adjacent to the floor plate and expressing
high levels of pax6 mRNA (short arrow in [A]).
In Rig-1/ mice, no pax6-expressing cells are
found near the midline. However, pax6-
expressing pontine neurons are still present
on the lateral sides of the hindbrain (short
arrows in [B] and [C]). Granule cells in the
cerebellum (cer) also express pax6. (D)–(E)
are coronal sections of the rostral hindbrain
of E16 Rig-1/ mouse labeled with pax6 (D–E)
and GFP antibodies (E). Pax6-immunoreac-
tive pontine neurons accumulate in the mar-
ginal stream (arrowheads in [D]) but do not
extend to the floor plate (asterisks). These
ectopic neurons also express GFP (arrows in
[E]) and send GFP-labeled processes dorsally
(arrowhead in [E]). (F) and (G) are sections of
P0 mice hybridized with pax6 probe. In Rig-1
heterozygous embryos (F) pax6 pontine neu-
rons are lining the floor plate (arrowheads)
whereas in Rig-1/ mutant embryos (G) no
pax6 pontine neurons have reached the mid-
line (arrowhead in [G]) and are still only ob-
served along the lateral sides (arrows) of the
hindbrain. Scale bar, 110 m (A and B); 60
m (C); 40 m (D); 8 m (E); 80 m (F and G).
(data not shown). As pre- and postcrossing axons and sectioning of mutant hindbrains hybridized with the
Pax6 riboprobe and antibodies showed that a large num-leading processes arriving from the two opposite sides
ber of pontine neurons were still present, but at ectopicof the floor plate are intermingled, we could not deter-
locations along the dorsoventral axis, as if their migra-mine exactly when Rig-1 was completely downregu-
tion had precociously stopped (Figures 5B–5D and 5G).lated.
These ectopic neurons express GFP (driven from the
Rig-1 promoter) and send processes, most likely axons,Abnormal Development of Precerebellar Nuclei
dorsally (Figure 5E). Ectopic pontine neurons could also
in Rig-1 Knockout Mice
be retrogradely labeled after cerebellar DiI injection in
As a first step toward understanding Rig-1 function in
Rig-1 knockouts (data not shown). This phenotype is
the development of precerebellar neurons, we analyzed still observed in newborn Rig-1/ embryos (Figure 5G),
the organization of precerebellar neurons in mice defi- showing that the migration of pontine neurons is not
cient for Rig-1 (Sabatier et al., 2004). Rig-1 homozygous simply delayed.
mutant mice die shortly after birth, but most of the devel- We next examined whether LRN/ECN neurons were
opment of precerebellar nuclei is embryonic. In addition also affected by the absence of Rig-1. To visualize mi-
to Pax6 and Brn3b, we used other precerebellar neuron grating LRN/ECN neurons, we took advantage of the
markers, such as the cell adhesion molecule BEN/SC1/ presence in Rig-1 heterozygous and homozygous mice
DM-GRASP (Che´dotal et al., 1996) or the ETS transcrip- of a cDNA encoding the green fluorescent protein (GFP)
tion factor Er81 (Zhu and Guthrie, 2002; see Supplemen- inserted into the Rig-1 locus by homologous recombina-
tal Figure S2 [http://www.neuron.org/cgi/content/full/ tion. This drives GFP expression in neurons that nor-
43/1/69/DC1]). Both molecules were previously shown mally express Rig-1 (Sabatier et al., 2004). In E14
to be expressed by subsets of inferior olivary neurons. Rig-1/ mice, the cell bodies and processes of migrat-
Hindbrain sections were also Nissl stained. We found ing LRN/ECN neurons could be observed all along the
no differences in precerebellar nuclei structure or IO marginal stream and as they cross the floor plate (Fig-
marker expression between wild-type and Rig-1 hetero- ures 6A and 6C). In contrast, in E14 Rig-1 mutant em-
zygous (/) mice (data not shown). bryos, most GFP-positive LRN/ECN neurons in the mar-
We first studied the development of pontine nuclei ginal stream do not reach the floor plate (Figures 6B,
using the marker Pax6 and found that this nucleus was 6D, and 6E). Just a few GFP-labeled cell bodies are
abnormal in homozygous Rig-1 mutants. In E18-P0 wild- able to approach the midline (Figure 6D). It has been
type and heterozygous animals, Pax6-labeled neurons previously shown that, soon after crossing the midline,
are grouped ventrally in the basilar pons (Figures 5A LRN neurons stop at a precise location, leave the migra-
and 5F). In Rig-1/ mutants, no Pax6-expressing cells tory stream, and accumulate in a ventrolateral cluster
were detected near the ventral midline (Figures 5B–5D before migrating more deeply into the brain parenchyma
and 5G), as was also evident with Nissl staining (data to differentiate (Altman and Bayer, 1987c; Bourrat and
Sotelo, 1990). Interestingly, in Rig-1/ E14–E15 em-not shown). Whole-mount in situ hydridization and serial
Neuron
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Figure 6. LRN/ECN Neurons Do Not Cross
the Midline in Rig-1-Deficient Mice
(A–F) Coronal sections at the level of the infe-
rior olive and LRN/ECN of E14 Rig-1 heterozy-
gous (A and C) and homozygous (B and D–F)
embryos. Sections are stained with anti-BEN
(Cy3) and anti-GFP (FITC) antibodies. In E14
heterozygous embryos (A and C), many GFP-
positive migrating LRN neurons (arrowheads
in [A] and [C]) ventrally cross the BEN-IR floor
plate (arrow in [A]). In contrast, in Rig-1/
embryos (B and D), most GFP-positive LRN
neurons in the marginal stream are more lat-
eral (arrowheads in [B]) and only a few reach
the floor plate (arrow in [B]). Interestingly, at
this stage in Rig-1/ embryos, many GFP-
postive LRN neurons have started to accu-
mulate in the ventrolateral cluster adjacent to
the IO (arrowhead in [E]; asterisks in [F]) and
migrate more deeply into the brain paren-
chyma (arrowhead in [F]) and form a pre-
sumptive LRN nucleus. The dashed line in (E)
shows the midline. (G and H) Coronal vibra-
tome sections of heterozygous (G) and mu-
tant (H) P0 Rig-1 mice injected unilaterally in
the cerebellum with DiI and counterstained
with Hoechst. In Rig-1/ mice, neurons in the
lateral reticular nucleus (LRN) are retro-
gradely labeled ipsilateral to the injection site
(see also arrow in [A]). The LRN is still found
adjacent to the IO in Rig-1/ mice (see also
arrow in [B]). Scale bar, 200 m (A and B); 50
m (C and D); 80 m (E and F); 150 m (G
and H).
bryos, both the ventrolateral cluster and the presump- the same markers still tended to form clusters and were
not intermingled with others. The overall size of the infe-tive LRN formed at the correct position (Figures 6E and
6F). The formation of the LRN together with the absence rior olive did not seem to be reduced compared to wild-
type, and IO neurons were still grouped in a clearlyof migrating LRN neurons at the midline between E12
and E15 show that these neurons do not migrate through identifiable nucleus. This shows that in the absence of
Rig-1, IO neurons are able to migrate to the ventralthe floor plate in Rig-1-deficient mice and stay ipsilateral
to their site of birth in the rhombic lip. Following unilateral midline but that the IO nucleus does not mature properly
and that its characteristic lamellation is altered. TheDiI injection in the cerebellum in newborn animals, a
ventral group of retrogradely labeled hindbrain neurons disorganization of inferior olive lamellar structure shows
that the terminal migration and positioning of these neu-was observed adjacent to the inferior olive in both het-
erozygous and homozygous Rig-1 mutants and corre- rons is abnormal in the absence of Rig-1 (see Discus-
sion). The LRN nucleus could also be recognized, adja-sponded to the lateral reticular nucleus (Figures 6G and
H; see also Figures 7A and 7B). Thus, LRN/ECN neurons cent to the abnormal IO nucleus, on Nissl-stained
sections of Rig-1 heterozygous and mutant mice (Sup-were still able to project to the cerebellum without cross-
ing the floor plate. plemental Figure S3 and data not shown). As the organi-
zation of the inferior olivary complex was perturbed inIn wild-type mice and Rig-1 heterozygotes, BEN,
Brn3b, and Er81 are strongly expressed in specific sub- Rig-1 mutants, we next tried to determine using axonal
tracing whether the development of the olivocerebellardivisions of the inferior olivary complex, symmetrically
organized on both sides of the floor plate (see Supple- projection was also affected. As previously described
(Wassef et al., 1992), in all wild-type and heterozygousmental Figure S3 [http://www.neuron.org/cgi/content/
full/43/1/69/DC1]). As previously shown in chick em- newborn mice (n 8 for each condition), unilateral injec-
tion of DiI crystals on one side of the cerebellar platebryos, BEN was also strongly expressed by floor plate
cells. In contrast, the inferior olive, identified with Nissl led to retrograde tracing of the inferior olivary nucleus
located on the contralateral side (Figures 6G, 7A, andstaining or specific markers, was disorganized in Rig-1-
deficient mice (see Supplemental Figure S3). Although 7C). IO axons could be clearly visualized as they crossed
the floor plate in the interolivary commissure (Figure 7C).an inferior olivary complex was still observed on both
sides of the floor plate, usual subdivisions were not Surprisingly, in all newborn Rig-1 mutants (n  7), IO
neurons could also be retrogradely labeled after DiI in-always recognizable. However, IO neurons expressing
Rig-1 and Precerebellar Neurons
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in wild-type mice, but their axons do not cross the floor
plate and instead grow toward the ipsilateral cerebellar
plate. In order to distinguish between these two possibil-
ities, hindbrain sections from E12 heterozygous and ho-
mozygous mice were double stained with anti-GFP and
anti-BEN antibodies. In E12 Rig-1 heterozygotes, GFP-
labeled processes crossing the BEN-positive floor plate
are also visible deeper in the hindbrain parenchyma
(Figure 7E). They presumably belong to IO axons, which
cross the ventral midline at this stage (Wassef et al.,
1992). Strikingly, no GFP-labeled processes were ever
observed crossing the ventral midline in Rig-1/ E12
embryos (n  3), and the floor plate appeared as a dark
stripe completely devoid of GFP staining (Figure 7F).
Similar observations were made in E14 Rig-1 mutant
embryos, where no GFP-positive commissural axons
were detected in the ventral hindbrain (Figure 6D). The
absence of axonal crossing is consistent with the sec-
ond model, in which the neuronal cell bodies stop appro-
priately, but their axons fail to cross the midline.
Floor Plate Defects in Rig-1 Mutants
In all Rig-1 homozygous mutants (/), the floor plate
was different from wild-type animals. The most striking
phenotype was observed in E12–E15 embryos. Upon
careful dissection, the nervous system immediately split
into two halves along the rostrocaudal axis, from the
caudal tip of the spinal cord to the mesencephalon-Figure 7. Anormal Olivocerebellar Projection in Rig-1-Deficient
rhombencephalon boundary (Sabatier et al., 2004, andMice
data not shown). As observed on coronal sections of(A–D) Unilateral DiI injections were performed in the cerebellum of
undissected mutant hindbrains immunostained withheterozygous (A and C) and mutant (B and D) P0 Rig-1 mice. Ventral
views of whole-mount brains are shown in (A) and (B), and coronal anti-BEN antibody, the floor plate was still present but
vibratome sections with Hoechst counterstaining are shown in (C) was much thinner and shorter than in wild-type mice
and (D). The arrowheads in (A) and (B) show the midline, and the (Figures 7E and 7F). Floor plate cells still expressed high
arrow shows the LRN. (A and C) In heterozygous mice, the inferior levels of netrin-1 and Slits mRNAs (data not shown).
olivary complex (IO) located contralateral to the injection site is
At later stages (E18–P0), the floor plate was still ab-retrogradely labeled. Individual IO axons crossing the midline can
normal, and numerous gaps in BEN immunostainingbe observed (arrow in [C]). (B and D) In Rig-1/ mice, olivary neurons
were labeled ipsilateral to the injection site. Individual IO axons were observed (Supplemental Figure S3 [http://www.
(arrow in [D]) don’t cross the midline and form a lateral fascicle. (E neuron.org/cgi/content/full/43/1/69/DC1]). The CNS did
and F) Coronal sections at the level of the inferior olive of E12 Rig-1 not split upon dissection, but a thin groove was detect-
heterozygous (E) and homozygous (F) embryos. Sections are double able at the ventral midline.
stained with anti-BEN (Cy3) and anti-GFP (FITC) antibodies. In E12
heterozygous embryos (E), many GFP-positive axons/leading pro-
Discussioncesses, most likely belonging to migrating IO neurons, cross ven-
trally the BEN-IR floor plate, while they are completely absent in
Rig-1-deficient embryos (F). Scale bar, 1000 m (A and B); 700 m Mounting evidence indicates that Slits and their recep-
(C and D); 100 m (E and F). tors, Robos, are major regulators of midline crossing
in the developing nervous system of invertebrates and
vertebrates alike (Wong et al., 2002). The behavior ofjection in the cerebellum, but were exclusively located
on the side of the cerebellar injections (Figures 7B and many axons at the midline in rostral regions of the CNS
is abnormal in mice deficient for Slit2 or mice lacking7D). DiI-labeled IO axons that could be followed from
the cell body of IO neurons did not cross the floor plate both Slit1 and Slit2 (Bagri et al., 2002; Nguyen-Ba-Char-
vet et al., 2002; Plump et al., 2002). For instance, manybut extended away from the midline in a well-defined
fascicle (Figure 7D). These results show that IO axons cortico-cortical axons do not cross the midline, visual
axons are misrouted at the chiasm, and olfactory bulbcan project to the cerebellum in Rig-1-deficient mice
but that their projection is entirely ipsilateral. The forma- axons enter the septum region that they normally avoid.
Likewise, in the zebrafish mutant Astray, which is defi-tion of an ipsilateral olivocerebellar projection in Rig-1
mutants could have two possible explanations. In a first cient for the Robo2 gene, retinotectal axons exhibit de-
fects in midline crossing (Hutson and Chien, 2002). Moremodel, the Rig-1 mutant phenotype could be attributed
to a migration defect. According to this hypothesis, in recent studies have shown that in the spinal cord of
Slit1;Slit2;Slit3 triple mutants, many commissural axonsRig-1 mutants, IO neurons inappropriately migrate
across the floor plate, stop shortly after crossing it, and stay at the midline or cross it several times. In addition,
commissural axons are also misrouted in Robo1 orproject axons to the cerebellum. In a second model, IO
neurons migrate ventrally and stop at the floor plate as Robo2 single mutants (Long et al., 2004). Thus, the clas-
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sical role of Robo receptors, in both vertebrates and
nonvertebrates, is to prevent midline crossing or re-
crossing by transducing a repulsive Slit signal.
We recently characterized a novel Robo family mem-
ber, Rig-1/Robo3, as having essentially the opposite
effect, i.e., to block Slit responsiveness mediated by
Robo1. Rig-1 was identified by differential display based
on its elevated expression in the brain of retinoblastoma
(RB)-deficient mice (Yuan et al., 1999). Like other Robo
proteins, the Rig-1 extracellular domain contains five Ig-
like domains and three fibronectin type III repeats, and
it binds to vertebrate Slit2 (Sabatier et al., 2004). How-
ever, in Rig-1/Robo3 mutant mice, the midline appears
less permissive, as all spinal commissural axons fail to
cross the midline (Sabatier et al., 2004). Similarly, human
Figure 8. Schematic Representation of the Proposed Model of Ac-patients with HGPPS (Jen et al., 2004) were recently
tion of Rig-1 in Precerebellar Neuronsreported to have mutations in Rig-1/Robo-3, and neuro-
During the first phase of their migration, the presence of the leadingimaging and functional studies in HGPPS patients have
processes of IO, LRN, and pontine neurons express both Rig-1andrevealed defects in the pontine nuclei and commissural
Robo2 (1 and 4). Rig-1 interferes with Robo2 function (see text forhindbrain projections (Jen et al., 2004). Our results are
details), allowing the elongation of leading processes toward the
consistent with these conclusions and demonstrate that floor plate, in part due to the long-range attractive action of netrin-1.
in the mouse hindbrain an essential function of Rig-1 is Migrating LRN/ECN neurons have a short leading process and it is
to allow midline decussation by migrating precerebellar likely that the leading process and the cell body cross the midline
almost simultaneously (2). Robo2 becomes functional, and the entireneurons and their axons.
neuron is being repelled upon crossing the midline (3). Accordingly,
Rig-1 mRNA is still observed in some LRN/ECN neurons close to
Molecular Control of Midline Crossing the midline, while it is undetectable in IO neurons during most of
by Precerebellar Neurons and Their Axons their migration. In contrast, IO and pontine neurons have a very long
Our study shows that Rig-1 mRNA is expressed at a leading process that crosses the floor plate well before the cell body
reaches it (5). The IO nucleus then translocates in the same directionhigh level during the initial migration of precerebellar
through a process of nucleokynesis that is negatively regulated byneurons but is rapidly downregulated after their leading
Slit. For IO axons, the downregulation of Rig-1 expression (both atprocess crosses the floor plate. Accordingly, the expres-
the mRNA and protein levels) is correlated with the crossing of the
sion of Rig-1 protein on precerebellar axons/leading leading process/axon (5). As a result, when IO cell bodies reach the
processes is downregulated soon after midline crossing. midline, Rig-1 is not at their surface anymore; they only express
Moreover, in the absence of Rig-1, precerebellar neu- Robo2 (6) and are unable to cross the midline.
rons and axons stay ipsilateral and don’t cross the floor
plate. Our results support a model in which, during the
first phase of their migration, the presence of Rig-1 on ventral midline, they are not able to migrate across the
floor plate, instead stopping prematurely and ipsilater-the leading processes of IO, LRN, and pontine neurons
represses Slit responsiveness, allowing them to elon- ally. Third, in Rig-1 mutants, pontine neurons also mi-
grate initially toward the ventral midline but stop andgate toward the floor plate, in part due to the long-range
attractive action of netrin-1 (Figure 8; Bloch-Gallego et settle laterally and are unable to reach the floor plate.
This phenotype is reminiscent of the precerebellar neu-al., 1999; Alcantara et al., 2000; Yee et al., 1999; de
Diego et al., 2002). In this model, Slit would act as a ron migration defects described in the DCC and netrin
knockouts (Bloch-Gallego et al., 1999; Yee et al., 1999)short-range cue, in agreement with other studies show-
ing that Slits are tightly bound to the cell membrane, although in these cases most precerebellar neurons die,
whereas in the Rig-1 knockout a majority seem to sur-limiting their diffusion away from their source (Brose et
al., 1999; Nguyen-Ba-Charvet et al., 1999, 2001; Gil- vive, at least until birth, and project to the cerebellum.
The precise cellular basis of the migration defects ob-thorpe et al., 2002).
Our study also strongly implies that Rig-1 also con- served in Rig-1-deficient mice is still unclear. They could
be due, for instance, to a misrouting of the leading pro-trols the migration of precerebellar neuron cell bodies
across the midline and their differential sorting at the cess or to its early stalling in response to the repulsive
activity of Slits. Alternatively, the translocation of themidline. First, in Rig-1 knockouts, the cytoarchitecture
of the inferior olive is greatly perturbed, lamellae do nucleus in the leading process could be blocked. Distin-
guishing between these and other hypotheses will requirenot form properly, showing that their final migration is
abnormal. The terminal migration of inferior olivary neu- detailed time-lapse analysis.
In light of these results, how can we rationalize therons is known to be involved in the formation of the
specific lamellation of this nuclear complex (Bourrat and different migratory behaviors of precerebellar neurons
at the floor plate (Figure 8). Rig-1 and Robo2 are ex-Sotelo, 1991). Thus, IO neurons generated at the same
time tend to keep together in the inferior olive and ex- pressed by all hindbrain precerebellar nuclei, but IO
neurons, for instance, cross the midline whereas LRN/press the same biochemical markers (Wassef et al.,
1992); this organization is disrupted in the Rig-1 knock- ECN neurons don’t cross (Marillat et al., 2002; Taniguchi
et al., 2002; this study). The different behaviors of precer-out. Second, the migration of LRN/ECN neurons is also
perturbed. Although they still migrate initially toward the ebellar axons is probably the result of a combination of
Rig-1 and Precerebellar Neurons
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factors, including Rig-1. In vitro HRP labeling of precere- nism controlling the downregulation of Rig-1 mRNA at
bellar neurons in hindbrain slices has shown that the the midline is unclear, and it will be important to deter-
morphology of migrating IO neurons differs from LRN/ mine whether floor plate-derived signals or, instead,
ECN neurons (Bourrat and Sotelo, 1988, 1990). IO neu- some developmental clock regulating expression is in-
rons have a very long leading process that crosses the volved.
floor plate well before the cell body reaches it. The IO In conclusion, our results indicate that Robo receptors
nucleus then translocates in the same direction through play an essential role in controlling midline crossing, not
a process of nucleokynesis that is negatively regulated only by growing axons but also by migrating neurons.
by Slit (Causeret et al., 2002). In this extreme case, the It will be important to determine whether IO neurons
arrival of IO perikarya to the midline coincides with the cross the floor plate in Slit1/Slit2/Slit3 triple knockouts.
entrance of IO axons into the cerebellum (Wassef et al., Interestingly, we found that Rig-1 mRNA is transiently
1992). Thus, for IO axons, the downregulation of Rig-1 expressed by most other neurons that migrate tangen-
expression (both at the mRNA and protein levels) is tially, such as luteinizing hormone-releasing hormone
correlated with the crossing of the leading process/ neurons (LHRH neurons; Schwanzel-Fukuda and Pfaff,
axon. As a result, when IO cell bodies reach the midline, 1989), GABAergic cortical interneurons (Marin and Ru-
Rig-1 protein is not at their surface anymore, and they benstein, 2001), and olfactory bulb interneurons (data
only express Robo2 (Figure 8); if Robo2 protein is pres- not shown). Those last two are also repelled by Slits
ent on their surface, they would be predicted to be un- (Wu et al., 1999; Zhu et al., 1999), which suggests that
able to cross the midline. In contrast, migrating LRN/ Rig-1 could be a global regulator of tangential migration.
ECN neurons have a shorter leading process (Bourrat Finally, HGPPS patients have been shown to have de-
and Sotelo, 1988, 1990; Taniguchi et al., 2002), and it is fects of the corticospinal tract and abducens nuclei as
likely that in their case the leading process and the cell well (Jen et al., 2004), and it will be important to deter-
body cross the midline almost simultaneously (Figure mine whether this is also the case in Rig-1-deficient
8). Thus, the entire neuron is being repelled upon cross- mice.
ing the midline. Accordingly, Rig-1 mRNA is still ob-
served in some LRN/ECN neurons close to the midline, Experimental Procedures
whereas it is undetectable in IO neurons during most of
Animalstheir migration. Such differences in gene and protein
Swiss mice (Janvier, Le Genest Saint Isle, France) were used for inexpression by the different populations of migrating pre-
situ hybridization and immunostaining studies. Rig-1-deficient micecerebellar neurons could thus partially explain their dif-
were generated and genotyped by PCR as described (Sabatier etferential sorting at the midline. These two neuronal pop-
al., 2004). The day of the vaginal plug was counted as embryonic
ulations seem to diverge very early during development day 0 (E0), and the day of the birth as postnatal day 0 (P0). Pregnant
from distinct precursors in the rhombic lip neuroepithel- dams were anesthetized with chloral hydrate (350 mg/kg). All animal
ium (Rodriguez and Dymecki, 2000). Their birthdates procedures were carried out in accordance to the guideline ap-
proved by institutional protocols.overlap, but they migrate through parallel pathways.
For in situ hybridization and immunostaining studies, embryosThus, it is likely that their different behaviors at the mid-
were fixed by immersion in 4% paraformaldehyde in 0.1 M phos-line are also due to a different expression of additional
phate buffer (pH 7.4) (PFA). Postnatal mice were perfused trans-
receptors and coreceptors. In a recent study, it was cardially with 4% PFA. Whole embryos or brains were postfixed
shown that, after midline crossing, LRN/ECN neurons overnight in the same fixative, cryoprotected in 10% sucrose, frozen
lose their responsiveness to the floor plate but become in isopentane (45C) and stored at 80C until sectioning. Serial
coronal and sagittal sections (20 m) were cut with a cryostat andattracted by an uncharacterized attractant from the alar
stored at 80C prior to hybridization.plate (Taniguchi et al., 2002).
For whole-mount hybridization, fresh embryos were dissected,As previously observed in netrin-1 mutants (Bloch-
and hindbrains were fixed 2 hr at room temperature (RT) in 4%Gallego et al., 1999), an ipsilateral projection can de-
PFA in PBT (0.1% Tween 20 in PBS) and dehydrated in increasing
velop in Rig-1-deficient mice. In netrin-1 knockouts, concentration of ethanol/PBT and stored at 20C.
most IO neurons die, and it is not clear if the ipsilateral
projection is caused by an abnormal migration of IO In Situ Hybridization
neurons through the floor plate or an absence of cross- Antisense riboprobes were labeled with digoxigenin-11-d-UTP
ing of their axon. In contrast, in Rig-1 knockouts, the (Roche Diagnostics) as described elsewhere (Marillat et al., 2002),
survival of IO neurons does not seem to be affected, by in vitro transcription mouse or rat cDNAs encoding Slit1, Slit2,
Robo1, Robo2 (Brose et al., 1999), Rig-1, Brn3b, TAG-1, pax6 (deand IO neurons don’t cross the ventral midline. Likewise,
Diego et al., 2002), and Er81 (Zhu and Guthrie, 2002). Tissue sectionspontine and LRN/ECN neurons stay ipsilateral and still
were hybridized with digoxigenin-labeled riboprobes as describedproject into the cerebellum. This result is surprising, as
elsewhere (Marillat et al., 2002).
other studies have shown that the behavior of commis- For whole-mount in situ hybridization, brains were rehydrated in
sural axons and the expression of some guidance mole- decreasing concentration of ethanol/PBT and treated with protein-
cules on their membrane change upon crossing the mid- ase K (10 g/ml, Invitrogen). They were then postfixed for 20 min
line (Zou et al., 2000; Brittis et al., 2002; Taniguchi et al., in 4% PFA, 0.1% glutaraldehyde, 0.1% Tween 20, washed in PBT,
and prehybridized for 1 hr at 70C with hybridization buffer (50%2002). Thus, midline crossing is thought to be required
formamide, 1.3% SCC, 5 mM EDTA, 50 g/ml yeast RNA, 2% Tweenfor commissural axons to reach their final destination
20, and 0.5% CHAPS). Then, hybridization was performed overnight(Shirasaki et al., 1996). Our results suggest that physi-
at 70C with riboprobes (200 ng/ml). After hybridization, washes with
cally crossing the midline is not always required. It is hybridization buffer were followed by RNase A treatment (10 g/ml),
possible, however, that contacting the floor plate or and subsequent washes with hybridization buffer at 65C. Hind-
interacting with some floor plate-derived diffusible fac- brains were then blocked in MABT (0.1 M maleate, 0.15 M NaCl,
and 0.1% Tween 20 [pH 7.5]) containing 20% normal goat serumtor is sufficient to induce a switch. Likewise, the mecha-
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(NGS) for 1 hr at room temperature and incubated overnight at 4C Altman, J., and Bayer, S.A. (1987c). Development of the precerebel-
lar nuclei in the rat: II. The intramural olivary migratory stream andwith anti-DIG antibody conjugated with the alkaline phosphatase
(1/2000, Roche Diagnostics) in MABT containing 2% NGS. After the neurogenetic organization of the inferior olive. J. Comp. Neurol.
257, 490–512.extensive washes with MABT, the alkaline phosphatase activity was
detected using nitroblue tetrazolium chloride (337.5 g/ml) and Altman, J., and Bayer, S.A. (1997). Development of the upper precer-
5-bromo-4-chloro-3-indolyl phosphate (175 g/ml; Roche Diagnos- ebellar system: the pontine gray nucleus. In Development of the
tics). Brains were stored at 4C in 1% PFA, 70% glycerol. Cerebellar System, J. Altman, and S.A. Bayer, eds. (Boca Raton,
FL: CRC press), pp. 300–323.
Immunostaining Bagri, A., Marin, O., Plump, A.S., Mak, J., Pleasure, S.J., Rubenstein,
Tissue sections were blocked 1 hr at room temperature in PBS J.L., and Tessier-Lavigne, M. (2002). Slit proteins prevent midline
containing 0.2% gelatin (Prolabo) and 0.25% Triton X-100 (Sigma) crossing and determine the dorsoventral position of major axonal
and then incubated overnight at room temperature with the primary pathways in the mammalian forebrain. Neuron 33, 233–248.
antibody. Sections were labeled with rabbit polyclonal antibody
Bloch-Gallego, E., Ezan, F., Tessier-Lavigne, M., and Sotelo, C.against GFP (1:500; Molecular Probes), followed by a CY3- or FITC-
(1999). Floor plate and netrin-1 are involved in the migration andconjugated goat anti-rabbit antibody (1:200; Jackson Immuno-
survival of inferior olivary neurons. J. Neurosci. 19, 4407–4420.Research), or with guinea-pig monoclonal antibody against BEN
Bourrat, F., and Sotelo, C. (1988). Migratory pathways and neuritic(1:200; Sekine-Aizawa et al., 1998), followed by a biotinylated goat
differentiation of inferior olivary neurons in the rat embryo. Brain.anti-hamster antibody (1:200; Jackson ImmunoResearch) and a
Res. 39, 19–37.Texas-red conjugated streptavidin (1/200; Invitrogen) or rabbit poly-
clonal antibody against Rig-1 (1:1000) revealed with FITC-conju- Bourrat, F., and Sotelo, C. (1990). Early development of the rat
gated sheep anti-rabbit antibody (1:200; Eurobio). Sections were precerebellar system: migratory routes, selective agregation and
examined under a fluorescence microscope (DMR, Leica) or a confo- neuritic differentition of the inferior olive and lateral reticular nucleus
cal microscope (TCS; Leica). neurons. An overview. Arch. Ital. Biol. 128, 151–170.
Bourrat, F., and Sotelo, C. (1991). Relationships between neuronal
DiI Injection birthdates and cytoarchitecture in the rat inferior olivary complex.
After intracardiac perfusion with 4% PFA, a small occipital craniot- J. Comp. Neurol. 313, 509–521.
omy was performed to expose the cerebellum of P0 heterozygous
Brittis, P.A., Lu, Q., and Flanagan, J.G. (2002). Axonal protein synthe-or homozygous Rig-1 mutant mice. A small crystal of lipophilic tracer
sis provides a mechanism for localized regulation at an intermediate1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine (DiI, Molec-
target. Cell 110, 223–235.ular Probes) attached to the tip of a broken glass pipette was applied
Brose, K., Bland, K.S., Wang, K.H., Arnott, D., Henzel, W., Goodman,on one side of the cerebellum. After 3–4 weeks at 37C in the dark,
C.S., Tessier-Lavigne, M., and Kidd, T. (1999). Slit proteins bindthe brain was dissected out and observed and photographed using
Robo receptors and have an evolutionarily conserved role in repul-a Leica DMR fluorescence microscope (Leica). Some injected brains
sive axon guidance. Cell 96, 795–806.were also embedded in 2% agarose and cut into 200 m sections
with a vibratome (Leica). The sections were then counterstained in Burstyn-Cohen, T., Tzarfaty, V., Frumkin, A., Feinstein, Y., Stoeckli,
E., and Klar, A. (1999). F-Spondin is required for accurate pathfindinga solution of 10 g/ml Hoechst 33258 (Sigma) in PBS for 30 min,
rinsed three times in PBS, and conserved in 4% PFA. of commissural axons at the floor plate. Neuron 23, 233–246.
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